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The HBx protein is a small polypeptide encoded by mammalian hepadnaviruses that is essential for viral
infectivity and is thought to play a role in development of hepatocellular carcinoma during chronic hepatitis
B virus infection. HBx is a transactivator that stimulates Ras signal transduction pathways in the cytoplasm
and certain transcription elements in the nucleus. To better understand the activities of HBx protein and its
mechanism of action, we have explored the manner by which HBx activates the transcription factor NF-kB
during transient expression. We show that HBx induces prolonged formation, in a Ras-dependent manner, of
transcriptionally active NF-kB DNA-binding complexes, which make up the family of Rel-related proteins, p50,
p52, RelA, and c-Rel. HBx was found to activate NF-kB through two distinct cytoplasmic pathways by acting
on both the 37-kDa IkBa inhibitor and the 105-kDa NF-kB1 precursor inhibitor protein, known as p105. HBx
induces phosphorylation of IkBa, a three- to fourfold reduction in IkBa stability, and concomitant nuclear
accumulation of NF-kB DNA-binding complexes, similar to that reported for human T-cell leukemia virus type
1 Tax protein. In addition, HBx mediates a striking reduction in cytoplasmic p105 NF-kB1 inhibitor and p50
protein levels and release of RelA protein that was sequestered by the p105 inhibitor, concomitant with nuclear
accumulation of NF-kB complexes. HBx mediated only a slight reduction in the cytoplasmic levels of NF-kB2
p100 protein, an additional precursor inhibitor of NF-kB, which is thought to be less efficiently processed or
less responsive to release of NF-kB. No evidence was found for HBx activation of NF-kB by targeting acidic
sphingomyelinase-controlled pathways. Studies also suggest that stimulation of NF-kB by HBx does not involve
activation of Ras via the neutral sphingomyelin-ceramide pathway. Thus, HBx protein is shown to activate the
NF-kB family of Rel-related proteins by acting on two distinct NF-kB cytoplasmic inhibitors.

Mammalian hepatitis B viruses encode a small transcrip-
tional transactivator known as the HBx protein, a product of
the HBx gene (83, 85, 93). HBx is essential for viral infectivity
(20, 95) and is a potential cofactor in viral carcinogenesis (11,
12, 38, 47–49). HBx does not bind DNA directly and possesses
few distinguishing features in common with other transcrip-
tion-regulatory proteins. HBx has been shown to activate tran-
scription factors NF-kB (53, 56, 58, 60, 75, 76, 84, 94), AP-2
(74), AP-1 (39, 62, 74, 83), and possibly c/EBP (27, 58, 86).
HBx also stimulates transcription by RNA polymerase III (4,
87).
Some studies postulate a transcriptional role for HBx at the

promoter, on the basis its in vitro ability to bind several tran-
scription factors and components of the transcriptional appa-
ratus or to stimulate transcription when tethered to a DNA-
binding factor (21, 36, 57, 68, 74, 86, 89). On the other hand,
HBx also activates cytoplasmic signal transduction cascades
(24, 45, 56, 62) including the Ras-Raf mitogen-activated pro-
tein kinase (MAPK) cascade (11, 12, 63), which is essential for
activation of AP-1 by HBx (11, 24, 63). HBx was recently shown
to be both a cytoplasmic and nuclear protein (26); cytoplasmic
HBx activates the Ras-Raf-MAPK cascade, whereas nuclear HBx
activates specific transcription elements.
Although HBx is known to activate NF-kB, the mechanism

by which this occurs has not been well studied. Understanding

how HBx activates NF-kB can aid in establishing the funda-
mental molecular actions of HBx and provide insights into its
function during viral infection and carcinogenesis.
NF-kB is a heterodimeric transcription factor complex con-

sisting of two proteins of 50 or 52 kDa (p50 and p52) and 65
kDa (p65, now called RelA) (6, 16, 33, 46, 73). All members of
the Rel family of factors (p50, NF-kB1; p52, NF-kB2; p65,
RelA; c-Rel; and RelB) possess a rel homology domain that
confers DNA binding and protein dimerization (reviewed in
reference 34). Inactive NF-kB is sequestered in the cytoplasm
by binding to the labile cytoplasmic inhibitor IkBa (5–7), which
masks the RelA nuclear localization signal (10, 32). IkBa is
uncoupled from NF-kB in response to extracellular signals
(reviewed in reference 34), and intracellular factors, including
the human T-cell leukemia virus type 1 (HTLV-1) Tax protein
(42, 79). Uncoupling of IkBa from NF-kB generally requires
phosphorylation of IkBa (9, 17, 18, 37, 41, 79) followed by
rapid degradation of IkBa in proteosomes (67, 82). After deg-
radation, IkBa is quickly replenished by NF-kB-mediated tran-
scription of the IkBa gene (22, 52, 78).
IkBa is one member of a family of NF-kB inhibitor proteins

that bind RelA. Other members include IkBb (92), Bcl-3 (66),
and protein precursors of NF-kB1 (p105) and NF-kB2 (p100),
which generate p50 and p52 Rel family members, respectively,
after proteolytic processing (59, 69, 80). Of particular interest
is the regulation of NF-kB by the abundant p105 and p100
NF-kB1 and NF-kB2 precursors. Studies have shown that
these cytoplasmic proteins constitute an authentic additional
mechanism for controlling NF-kB activation in cells. For ex-
ample, despite complete degradation of IkBa by tumor necro-
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sis factor alpha (TNF-a), only part of the inactive cytoplasmic
pool of NF-kB is released, with the remainder sequestered by
p100 and p105 (80). Several studies also reported that HTLV-1
Tax protein liberates NF-kB from the p100 or p105 NF-kB1
and NF-kB2 precursors (42, 88), although others have found
that Tax activation of NF-kB is prevented by Tax binding to
p100 (14, 79). It is not known how the p100 and p105 precur-
sors are regulated or whether they are differentially controlled.
The mechanisms for release of NF-kB rel-related proteins
from the cytoplasmic precursor inhibitors is also not under-
stood, although there is a correlation between inducible phos-
phorylation of p105 and the release of rel-related proteins (31,
64).
We recently showed that HBx activates both transcription

factors AP-1 and NF-kB by acting in the cytoplasm of cells
(26). In this study we have explored the basis for cytoplasmic
activation of NF-kB by HBx protein. We first show that HBx
activates NF-kB heterodimers that consist of p50, p52, RelA
(p65), and c-Rel proteins. HBx activation of NF-kB DNA-
binding complexes was fully blocked by coexpression of a Ras
dominant-interfering protein, similar to that reported previ-
ously for HBx activation of transcription factor AP-1. We then
show that HBx strongly induces phosphorylation of IkBa but
only a three- to fourfold decrease in the cytoplasmic stability of
IkBa, similar to the reported effect of HTLV-1 Tax protein.
Increased turnover of IkBa protein, however, was found to
represent only part of the mechanism for HBx-mediated re-
lease of cytoplasmically sequestered Rel proteins. Expression
of HBx also induced a significant loss of NF-kB1 p105 precur-
sor protein from the cytoplasm of cells, accompanied by a
commensurate release of cytoplasmically sequestered RelA
protein and nuclear accumulation of NF-kB DNA-binding
complexes. These findings therefore demonstrate that HBV
HBx protein activates transcription factor NF-kB by acting on
two distinct cytoplasmic NF-kB inhibitor pathways.

MATERIALS AND METHODS

Cell culture, transfection, and infections. Chang cells were grown in Dulbec-
co’s modified Eagle’s medium (DMEM) supplemented with 10% bovine calf
serum and 50 mg of gentamicin sulfate per ml. Cells were starved for 24 h in
DMEM–0.5% calf serum prior to infection with adenovirus (Ad) vectors. Cells
at 60 to 70% confluency were infected in phosphate-buffered saline (PBS) plus
2% calf serum (1 ml/10-cm plate) with recombinant Ad vectors at 25 PFU per
cell for 1 h at 378C with occasional rotation. The cells were incubated in fresh
DMEM–2% calf serum for various periods before analysis. Where indicated,
cells were treated with human TNF-a at 20 ng/ml for the times indicated or
12-O-tetradecanoylphorbol-13-acetate (TPA) at 20 mM for 30 min before har-
vest. Nieman-Pick disease skin fibroblasts (RF and RFCIII cells) were provided
by R. Desnick, Mount Sinai School of Medicine, New York, N.Y. RF cells are
cultured Nieman-Pick skin fibroblasts that lack detectable acidic sphingomeyli-
nase (SMase) activity. RFCIII cells are RF cells transformed with the acidic
SMase gene, and they express a high level of acidic SMase activity (77). Both
lines were cultured in DMEM–20% fetal calf serum. Cells were treated with the
sphingosine isomer (inhibitor) DL-threo-dihydrosphingosine (DHS; Sigma Chem-
ical Co.) essentially as outlined previously (19). Briefly, 9 ml of DMEM was
mixed with 1 ml of 1% bovine serum albumin (BSA; final concentration, 0.1%)
and then with 10 to 50 ml of a 10 mM DHS stock prepared in ethanol (final
concentration of DHS, 10 to 50 mM). The mixture was incubated at 378C for 1 h
and then used to replace the cell medium for 30 min. DHS medium was then
removed and replaced with fresh medium, followed by infection of cells with
Ad-HBx recombinants or treatment with TPA or TNF-a as described above.
Combined transfection-Ad vector infection studies were carried out as described
previously (11, 12) with 10 mg of plasmid DNA per 10-cm plate, followed by Ad
infection. The assay of chloramphenicol acetyltransferase (CAT) activity was
carried out as described previously (26, 56) with equal amounts of cell extracts.
Quantitation of CAT assay products was performed by PhosphorImager analysis
with samples that were within the linear range of activity (5 to 50% conversion).
Preparation of cytoplasmic and nuclear extracts. Cytoplasmic and nuclear

extracts were prepared as described previously (1). Briefly, cells infected with Ad
vectors or treated with TNF-a or TPA were washed with PBS and collected by
centrifugation. Cell pellets were resuspended in 400 ml of cold buffer A (10 mM
N-2-hydroxyethylpiperazine-N9-2-ethanesulfonic acid [HEPES; pH 7.9], 1.5 mM

MgCl2, 10 mM KCl, 0.5 mM dithiothreitol, 0.2 mM phenylmethylsulfonyl fluo-
ride, 10 mg of leupeptin per ml, 10 mg of aprotinin per ml), swollen on ice for 10
min, and vortexed for 10 s, and samples were centrifuged for 10 s at 12,000 3 g.
Supernatants were reserved as cytoplasmic fractions. Nuclear pellets were resus-
pended in 100 ml of cold buffer B (20 mM HEPES [pH 7.9], 25% glycerol, 420
mM NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, 0.5 mM dithiothreitol, 0.2 mM
phenylmethylsulfonyl fluoride, 10 mg of leupeptin per ml, 10 mg of aprotinin per
ml) and incubated on ice for 20 min, and nuclear extracts were obtained by
centrifugation at 12,000 3 g for 2 min at 48C.
Electrophoretic mobility shift assay (EMSA). Nuclear extracts (5 mg) were

incubated for 30 min at 238C in 15 ml of buffer C [10 mM HEPES (pH 7.9), 50
mM NaCl, 0.5 mM EDTA, 5 mM MgCl2, 1 mM dithiothreitol, 10% glycerol, 3
mg of poly(dI-dC)] with 10 fmol of 32P-59-end-labeled double-stranded DNA
(dsDNA) oligonucleotide (106 cpm per reaction). The dsDNA oligonucleotide
for probes or competitors containing an NF-kB-binding site corresponded to
the sequence 59-GATCCAGAGGGGCCACTTTCCGAGAGGA-39 (70). DNA–
NF-kB complexes were resolved from free labeled DNA by electrophoresis in
4.5% polyacrylamide gels containing 50 mM Tris-HCl (pH 8.5), 200 mM glycine,
and 1 mM EDTA. The gels were dried, autoradiographed, and quantitated by
PhosphorImager analysis with ImageQuant software (Molecular Dynamics). For
the antibody competitor assay, analysis was carried out with specific antibodies
against the p50, p52, and p65 subunits of NF-kB (Santa Cruz, Inc.), by adding
them to the binding-reaction mixture before adding labeled oligonucleotide for
15 min at 48C. Cold competitor assays were carried out by adding a 100-fold
molar excess of unlabeled dsDNA NF-kB oligonucleotide simultaneously with
the labeled probe.
Analysis of IkBa. Immunoblot analysis of cytosolic extracts prepared as de-

scribed above was carried out with 100 mg of protein lysate resolved by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (12% polyacrylamide) (SDS-
PAGE). The proteins were electrophoretically transferred to nitrocellulose and
immunoblotted with antibody to the C-terminal portion of IkBa (provided by W.
Greene). Immune complexes were visualized by the ECL chemiluminescence
system (Amersham) and quantitated by densitometry. Phosphorylation of IkBa
was detected by its lower electrophoretic mobility. Decay rates for IkBa were
determined by addition of 50 mg of cycloheximide per ml to cells after infection
with Ad vectors or treatment with TNFa followed by immunoblot analysis.
Decay rates were calculated from the quantitation of bands obtained from three
independent experiments, assuming a biological first-order decay constant.
Western immunoblotting. For Western immunoblot studies, nuclear and cy-

toplasmic lysates were prepared by disruption of cells in 0.5% Nonidet P-40–20
mM Tris-HCl (pH 8.0)–15 mM KCl at 48C. A 50-mg portion of nuclear protein
was resolved by SDS-PAGE (15% polyacrylamide) and transferred to nitrocel-
lulose filters. The filters were preincubated for 2 h at 238C in Tris-buffered saline
(TBS) containing 3% BSA at followed by a 3-h incubation with antibody directed
to IkBa, p105, or p100 protein (Santa Cruz, Inc.). The filters were washed three
times for 10 min each in TBS–0.5% Nonidet P-40 and incubated for 10 min in
TBS containing 2% BSA. The proteins were then detected by the ECL chemi-
luminescence system and autoradiographed at 2708C.

RESULTS

Characterization of NF-kB DNA-binding complexes acti-
vated by HBx protein. To study the kinetics of NF-kB induc-
tion by HBx, the HBx gene was expressed from a replication-
defective Ad vector under the control of the cytomegalovirus
(CMV) promoter. We previously showed that these vectors are
genetically silent except for expression of the transgene during
the short course of these experiments and that the HBx protein
does not act by first inducing the expression of Ad promoters
(11–13, 26). The kinetics for HBx activation of NF-kB were
determined by infecting Chang cells with Ad vectors expressing
the wild-type HBx gene or an HBx mutant encoding an mRNA
deleted of all AUG codons that fails to synthesize HBx protein
(HBxo) (11–13, 26). Nuclear extracts were prepared at differ-
ent times after infection, and induction of NF-kB DNA-bind-
ing activity was examined by EMSA with a 32P-labeled oligo-
nucleotide probe containing a single NF-kB-binding site or an
oligonucleotide with a mutant site that does not bind NF-kB
(70). HBx induced a strong increase in NF-kB DNA-binding
activity, which initiated 3 h after expression, plateaued between
5 and 10 h and remained evident at 24 h (Fig. 1A). Cells
expressing the control HBxo gene did not demonstrate any
activation of NF-kB. As found previously for HBx activation of
AP-1, induction of active NF-kB was still sustained past 24 h
after expression of HBx (data not shown). HBx activation of
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NF-kB DNA-binding activity was specific, since it was ablated
by an excess of unlabeled cold competitor, and did not bind to
a mutated NF-kB site (Fig. 1B). The invariant fast-migrating
band was a nonspecific complex observed in NF-kB EMSA
studies. As shown previously (26, 56) (see Fig. 3B), the NF-kB
complexes induced by HBx are active and strongly stimulate
the transcription of an NF-kB-dependent CAT reporter con-
struct.
Next, the composition of NF-kB complexes induced by HBx

at 6 h was probed. Either normal serum or polyclonal antibod-
ies directed against p50, p52, and RelA proteins were added
prior to addition of labeled oligonucleotide. The specific anti-
bodies generally block the formation of NF-kB DNA-binding
complexes, although some supershifting to lower-mobility
complexes is also observed (Fig. 2A). Antibodies to p50 or p52
proteins each partially blocked the formation of native NF-kB
complexes. HBx therefore activated the formation of NF-kB
complexes containing p50 and p52 proteins. Antibodies to
RelA protein also partially prevented the formation of NF-kB
complexes (Fig. 2A). Similarly, NF-kB complexes induced by
15-min TNF-a treatment of cells contained p50, p52, and RelA
proteins. Antibodies to c-Rel protein also partially blocked the
formation of NF-kB DNA-binding complexes, particularly
those formed early (3 h) after expression of HBx (Fig. 2B).
These results indicate that HBx activates authentic NF-kB
DNA-binding complexes containing the family of Rel-related
proteins and does so for a prolonged period. It was not tech-
nically possible to add all four antibodies simultaneously to
ablate the NF-kB shift because of volume and concentration
constraints.
Effect of Ras inhibition on HBx activation of NF-kB DNA-

binding activity. Previous studies demonstrated that HBx stim-
ulation of transcription factor AP-1 requires its establishing a
Ras-Raf-MAPK signalling cascade (11, 26, 63). Studies were
therefore carried out to determine the requirement for the Ras
signalling cascade in activation of NF-kB by HBx when ex-

pressed either by transient transfection of plasmids or from
recombinant Ad vectors (Fig. 3A). Chang cells were cotrans-
fected with a plasmid expressing a dominant-interfering mu-
tant of Ras (Ras Asn-17), which prevents the formation of
Ras-GTP complexes (28), and with plasmids expressing HBx
or HBxo genes for 24 h prior to preparation of nuclear extracts
and assay for NF-kB DNA-binding activity. In other studies,
cells were first transfected with the Ras dominant-negative
mutant plasmid and then infected with Ad CMV-X or Ad
CMV-Xo vectors. Previous studies have shown that transfec-
tion followed by infection drives the dominant-interfering ex-
pression plasmid into the same cells infected by Ad recombi-
nant vectors (11, 12, 91). The strong HBx induction of NF-kB
DNA-binding activity was fully blocked by coexpression of the
Ras dominant-interfering protein in both transiently trans-
fected and Ad vector-transduced cells (Fig. 3A). The slight
difference in appearance of NF-kB complexes is a result of
different electrophoresis conditions. As expected, the Ras
dominant-negative mutant also blocked HBx stimulation of a
CAT reporter controlled by four NF-kB-binding sites and a
basal promoter (Fig. 3B) (26, 56). Transfected HBx induced
strong activation of NF-kB-dependent CAT activity, which was
fully blocked by cotransfection with the Ras dominant-negative
mutant (Fig. 3B). The Ras mutant is not merely down-regu-
lating the synthesis of HBx, a point which was previously ex-
cluded (11). Both genes are controlled by the same (CMV)
promoter, which is not significantly affected by the Ras mutant,
as assayed by using a b-galactosidase reporter construct under

FIG. 1. Kinetics of HBx induction of NF-kB DNA-binding activity. Serum-
starved Chang cells were infected with Ad CMV-X (wt HBx) or Ad CMV-Xo
(HBxo) at 25 PFU per cell, and nuclear extracts were prepared at the times
indicated. (A) Equal protein amounts of extract were used to measure NF-kB
DNA-binding activity by EMSA with a 32P-labeled oligonucleotide probe con-
taining one binding site. Binding reactions were performed with 5 mg of nuclear
extract, 3 mg of poly(dI-dC), and 10 fmol of labeled oligonucleotide for 30 min
at 238C. For competition studies, a 100-fold molar excess of cold competitor (1c.
comp.) probe was added. (B) Studies were performed as described for panel A
but with an oligonucleotide containing a mutated NF-kB DNA-binding site.
Basal refers to unstimulated, uninfected quiescent Chang cells. TPA treatment of
cells was performed at 20 mM for 30 min before harvest. Protein-DNA com-
plexes were resolved by electrophoresis in 4% polyacrylamide gels, visualized by
autoradiography, and quantitated by PhosphorImager analysis. FIG. 2. Composition of NF-kB DNA-binding complexes induced by HBx

protein. Serum-starved Chang cells were infected with Ad CMV-X at 25 PFU per
cell for 10 h or treated with human TNF-a at 20 ng/ml for 20 min. Nuclear
extracts were prepared, and NF-kBDNA-binding activity was detected by EMSA
as described in the legend to Fig. 1. Specific polyclonal antibodies (Ab) were
added to binding-reaction mixtures corresponding to p50 (NF-kB1), p52 (NF-
kB2), and RelA (A) or to c-Rel (B) prior to addition of labeled oligonucleotide
probe. The presence of the respective rel-related polypeptide is detected by
partial or full ablation of the shift or the presence of a supershifted complex.
Controls consist of quiescent Chang cell extracts (basal) and normal serum
addition (n. serum). The gel was electrophoresed longer than in the other figures
to resolve the complexes. The strong nonspecific band is therefore not shown.

4560 SU AND SCHNEIDER J. VIROL.



CMV promoter control. These results therefore demonstrate
that during transient expression of HBx in Chang cells, induc-
tion of NF-kB, like that of AP-1, requires the activation of Ras
signalling cascades.
HBx induces constitutive phosphorylation and moderate

degradation of the cytoplasmic pool of IkBa. The biochemical
basis for HBx activation of NF-kB was examined by determin-
ing whether HBx expression leads to phosphorylation and deg-
radation of IkBa, one of several cytoplasmic inhibitors of NF-
kB. Release of NF-kB by phosphorylation and degradation of
IkBa in turn induces the synthesis of new IkBa, thereby es-
tablishing an autostimulatory loop (2, 22, 79, 80). Long-term
activation of NF-kB therefore actually results in an increased
cytoplasmic abundance of IkBa, which is phosphorylated and
more rapidly degraded. Thus, an increased level of IkBa pro-
tein which is phosphorylated and turns over more rapidly is
indicative of protracted NF-kB activation. Phosphorylation of
IkBa causes a slight, slower electrophoretic perturbation in the
mobility of the 37-kDa protein, which can be detected by im-
munoblot analysis of IkBa resolved by SDS-PAGE (see e.g.,
references 79 and 80). Compared with control cells that do not
express HBx, a steady-state increase in phosphorylated IkBa
was evident in HBx-expressing cells at 6 h and was still sus-
tained at 30 h, accounting for roughly 30 to 50% of the IkBa
protein by this time (Fig. 4). The total amount of IkBa protein

also increased by about 50% by 30 h after HBx expression, an
effect indicative of induction of new IkBa gene expression
mediated by activated NF-kB (2, 22, 79, 80). No such increase
in IkBa phosphorylation or steady-state protein level was ob-
served in HBxo-expressing cells (Fig. 4). Treatment of proteins
from 10-h HBx-expressing extracts with alkaline phosphatase
prior to electrophoresis largely eliminated the lower-mobility
form of IkBa, demonstrating, as expected, that the slower
HBx-inducible species resulted from phosphorylation of the
faster-migrating 37-kDa IkBa protein. The kinetics for phos-
phorylation of IkBa in HBx-expressing cells correlates with the
kinetics for nuclear accumulation of NF-kB DNA-binding ac-
tivity shown in Fig. 1.
To explore whether phosphorylation of IkBa mediated by

HBx protein also resulted in a decrease in IkBa protein sta-
bility, the half-life of the protein in cells treated with cyclohex-
imide to block de novo protein synthesis was determined. Se-
rum-starved Chang cells expressing HBx or HBxo genes for 7 h
were treated with cycloheximide for increasing periods, and
the levels of IkBa protein were compared. Control cells were
treated with TNF-a for 15 min followed by a 15-min incuba-
tion, shown previously to induce rapid degradation of IkBa (2,
30, 79). Extracts were produced at the indicated times after
cycloheximide treatment, proteins were resolved by SDS-
PAGE, and the level of IkBa protein was determined by im-
munoblot analysis (Fig. 5). In untreated control cells, and cells
expressing the HBxo gene, the pool of IkBa protein displayed
a long half-life (t1/2 ; 240 min). In contrast, in HBx-expressing
cells, IkBa decayed about three- to fourfold more rapidly (t1/2
; 60 to 80 min). A similar three- to fourfold decrease in the
stability of the pool of IkBa was reported in Jurkat cells ex-
pressing HTLV-1 Tax protein (51). In cells treated with
TNF-a, IkBa degradation was very rapid (t1/2 , 20 min), an
effect which is consistent with other studies from different cell
lines (2, 30, 79). However, in Jurkat cells, IkBa protein typi-
cally turned over with a shorter half-life, which might reflect
cell type differences or growth differences, since quiescent
Chang cells were used in our study. Nevertheless, these results
demonstrate that expression of HBx protein is associated with
an increase in phosphorylation of IkBa and a three- to four-
fold-accelerated turnover of the IkBa inhibitor protein.
HBx protein induces release of RelA from NF-kB1 precursor

protein p105, an additional cytoplasmic inhibitor of NF-kB acti-
vation. The decay rate of IkBa induced by HBx protein was

FIG. 3. (A) HBx requires Ras activity to induce NF-kB DNA-binding complexes. Chang cells were transfected with Ad Ras Asn-17 plasmid and plasmids expressing
HBx or HBxo or superinfected later with Ad CMV-X or Ad CMV-Xo, and nuclear extracts were prepared for EMSA. Treatment with 20 mM TPA was continued for
30 min. (B) HBx induces transcriptionally active NF-kB through a Ras pathway. Chang cells were cotransfected with plasmids expressing HBx or HBxo, the Ras
dominant-negative (d.n.) inhibitor and the CAT gene under the control of the CMV promoter, extracts prepared and CAT activity determined as described (26, 56).

FIG. 4. Inducible phosphorylation of IkBa by HBx protein. Quiescent Chang
cells (basal) were infected with Ad-X vectors at 25 PFU per cell for 6 or 30 h.
Whole-cell extracts were prepared in the presence of phosphatase inhibitors (10
mM sodium vanadate and 50 mM sodium floride) and denatured, and equal
protein amounts were resolved by SDS-PAGE (12% polyacrylamide) for an
extended time to resolve the lower-electrophoretic-mobility form of phosphor-
ylated (IkBa-P) protein from the nonphosphorylated (IkBa) protein. After elec-
trophoresis, proteins were transferred to nitrocellulose, immunoblotted with an
antibody directed to the C terminus of IkBa, and detected by enhanced chemi-
luminescence and autoradiography.
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considerably lower than that of IkBa induced by TNF-a treat-
ment of cells and was similar to that reported for HTLV-1 Tax
protein (51). We therefore questioned whether the marked
increase in nuclear NF-kB DNA-binding activity induced by
HBx could be fully attributed to release from IkBa or might
also be associated with the release of Rel proteins from other
cytoplasmic inhibitors of NF-kB. The activity of NF-kB is reg-
ulated by cytoplasmic sequestration with two types of inhibi-
tors: (i) 37-kDa IkBa and (ii) p105, the precursor of p50
(NF-kB1), and p100, the precursor of p52 (NF-kB2). Both
p105 and p100, as well as IkBa, bind RelA and rel-related
proteins, mediating their cytoplasmic retention through a com-
mon C-terminal ankyrin motif (3, 14, 42, 55, 59, 61, 65, 67, 69,
71, 80). The regulation of p100 and p105 inhibitors is poorly
understood, although some evidence suggests that the regula-
tion of p100, p105, and IkBa may be distinct and may consti-
tute alternate mechanisms for controlling the activation of
NF-kB (59, 61, 69, 80).
The possibility that HBx targets alternate NF-kB inhibitors

was probed by examining the steady-state cytoplasmic levels of
p105, p50, and RelA as a function of time during NF-kB
activation. Chang cells infected with Ad vectors expressing
wild-type HBx or HBxo mutant genes were harvested at dif-
ferent times after introduction of the HBx genes, nuclear and
cytoplasmic fractions were isolated, and equal amounts of cy-
toplasmic proteins were resolved by SDS-PAGE and subjected
to immunoblot analysis with antibodies specific for p105, p50,
and RelA polypeptides. Nuclear accumulation of NF-kB
DNA-binding activity corresponded to the profile of NF-kB
activation shown in Fig. 1. HBx induced a striking loss of p105

in the cytoplasm of cells (;10-fold) by 5 h after expression,
which was sustained at 10 h and recovered above control cell
levels (time zero) by 24 h (Fig. 6A). The loss of cytoplasmic
p105 correlated with the nuclear accumulation of NF-kB
DNA-binding activity (Fig. 1) and the increase in IkBa phos-
phorylation (Fig. 4). The decrease in cytoplasmic RelA protein
levels also tracked with the decreased cytoplasmic level of p105
(Fig. 6A). Moreover, the increase in cytoplasmic p105 levels at
24 h paralleled a similar increase in RelA levels at this same
time in HBx-expressing cells. As expected, there was no change
in cytoplasmic p105 and RelA levels in cells expressing the
HBxo gene. During the same period, cytoplasmic p50 levels
also decreased in parallel with those of RelA and p105 but to
a slightly lesser extent. Although the reason for the weaker
change in the p50 protein levels is not known, it may reflect a
greater cytoplasmic pool of p50 protein than RelA/p105 or
perhaps stimulation of p105 processing by HBx, consistent with
RelA release. Regardless, these data demonstrate that expres-
sion of HBx induced a coordinate decrease in the cytoplasmic
level of p105 NF-kB1 precursor protein, release of cytoplas-
mically sequestered RelA protein, and nuclear accumulation
of NF-kB DNA-binding activity, all with parallel kinetics.
The effect of HBx expression on the cytoplasmic levels of

NF-kB2 p100 protein was also examined. The cytoplasmic level
of p100 protein was analyzed by Western immunoblot analysis
of equal amounts of cytoplasmic extracts with p52/p100 N-
terminal specific antibody. HBx expression induced only a very
slight reduction in the cytoplasmic level of p100 and p52 pro-
teins (by 6 h) after HBx expression, and the level then recov-
ered (Fig. 6B). HBxo expression induced no such alteration.
Although both p105 and p100 precursor proteins undergo in-
ducible phosphorylation, it has been shown previously that

FIG. 5. Rates of IkBa protein turnover in Chang cells expressing wild-type
HBx or HBxo proteins. Quiescent Chang cells were infected with 25 PFU of Ad
CMV-X or Ad CMV-Xo per ml for 7 h or treated with 20 ng of TNF-a per ml
for 30 min, and then 50 mg of cycloheximide (cyclo.) per ml was added for 0 to
6 h to prevent de novo protein synthesis. (A) Whole-cell extracts were prepared,
equal protein amounts were resolved by SDS-PAGE (12% polyacrylamide) and
transferred to nitrocellulose, and IkBa protein was detected by immunoblotting
with an antibody directed to the C terminus of IkBa and enhanced chemilumi-
nescence. (B) Protein bands were quantitated by PhosphorImager analysis. Data
were plotted relative to the amount of IkBa protein present in the time zero lane
for each sample and represent the average of three independent studies. Error
bars represent the extent of experimental error from three trials.

FIG. 6. HBx induces a coordinate decrease in the cytoplasmic level of NF-
kB1 precursor p105 inhibitor and release of cytoplasmically sequestered RelA
and p50 proteins. Quiescent Chang cells infected with Ad CMV-X or Ad
CMV-Xo vectors for 1 to 24 h were processed into cytoplasmic and nuclear
fractions. Nuclear fractions were used for detection of NF-kB DNA-binding
activity corresponding to that in Fig. 1. Equal protein amounts of cytoplasmic
fractions were resolved by SDS-PAGE (12% polyacrylamide), transferred to
nitrocellulose, and immunoblotted with antibodies specific for NF-kB1 precursor
p105, RelA, or p50 proteins (A) or p100 or p52 proteins (B). Immune complexes
were detected by enhanced chemiluminescence and quantitated by densitometry.
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p100 protein is either less efficiently processed or less respon-
sive to release of Rel proteins (64).
Role of sphingomyelin-ceramide pathways in HBx activation

of NF-kB. Studies have shown that TNF-a and interleukin-1b
can activate the inactive, cytoplasmic pool NF-kB by initiating
the plasma membrane conversion of sphingomyelin to ceramide
by stimulating SMase (reviewed in references 35 and 50). Deg-
radation of sphingomyelin to ceramide is carried out by a
plasma membrane-associated neutral SMase (35, 50) and pos-
sibly also by a lysosomal acidic SMase (72). Ceramide in turn
might activate NF-kB via activation of Raf and/or MAPKs (29,
54) or by production of phosphatidic acid, which is thought to
stimulate Ras (25, 50). Since the mechanism for the release of
RelA from NF-kB precursor proteins is not known, we inves-
tigated whether HBx stimulates the release of NF-kB by acting
through a sphingomyelin-ceramide conversion pathway.
To investigate whether HBx might activate NF-kB via a path-

way controlled by acidic SMase, we made use of a Neimann-Pick
disease cell line deficient in acidic SMase activity (RF cells) and a
derivative line in which a high level of acidic SMase activity was
restored by retrovirus-mediated transformation of RF cells
with the acidic SMase gene (RFCIII cells) (77). The cells were
infected with Ad vectors expressing either wtHBx or HBxo
genes, and nuclear extracts were prepared at 12 h for NF-kB
EMSA (Fig. 7). A kinetic analysis of NF-kB activation in these
cell lines had established this to be an optimal time point for
induction (data not shown). HBx, but not HBxo, induced a
specific NF-kB DNA-binding activity in both acidic SMase-
negative (RF) and -positive (RFIIIC) cell lines. The DNA-
binding activity was shown to correspond to authentic NF-kB
because it comigrated with that induced by HBx in Chang cells
or by TPA in RF and RFIIIC cells and could be specifically
inhibited by an excess of unlabeled NF-kB oligonucleotide.
These data therefore exclude HBx activation of NF-kB via a
pathway controlled by acidic (lysosomal) SMase.
It was then determined whether HBx might activate NF-kB

by stimulating neutral SMase activity. In particular, we asked
whether HBx acts through sphingosine kinase and production
of sphingosine-1-phosphate to stimulate Ras (25, 50). DHS is
an antagonist of at least several sphingosine-1-phosphate ac-

tivities, including production of phosphatidic acid but probably
not calcium mobilization (19, 25, 90). Cells were treated with
DHS and then infected with Ad-HBx vectors, or treated with
TNF-a or TPA, and the effect of different concentrations of
DHS on the activation of NF-kB or AP-1 was determined.
Induction of AP-1 by TPA or HBx was used to determine the
general influence of the drug on cell toxicity, since AP-1 has
previously been shown to be induced by HBx through a Ras-
dependent pathway (11, 13, 63). In Chang cells, DHS at 25 mM
caused a ;5-fold impairment of TNF-a induction of NF-kB
and DHS at 50 mM (a concentration thought to be cytotoxic to
most cells) caused a ;25-fold impairment (Fig. 8A). The in-
duction of NF-kB by TPA or HBx in Chang cells was only
slightly impaired by DHS pretreatment. Nuclear accumulation
of NF-kB DNA-binding activity was not reduced in HBx-ex-
pressing or TPA-treated cells exposed to 25 mM DHS, and at
50 mM DHS it was reduced ;3-fold compared with a 25-fold
decrease for TNF-a. To determine whether the slight reduc-
tion in NF-kB induction observed in TPA-treated or HBx-
expressing cells was due to general toxicity of DHS, the induc-
tion of AP-1 DNA-binding activity by HBx or TPA was
examined (Fig. 8B). Pretreatment of Chang cells with DHS
impaired induction of AP-1 by both HBx and TPA to a similar
extent at a 50 mM dose, i.e., about threefold, the same reduc-
tion observed for induction of NF-kB. These data suggest that
a neutral sphingomyelin-ceramide pathway is not likely to be
involved in Ras-dependent HBx activation of NF-kB.

DISCUSSION

Several distinct mechanisms by which activation of cytoplas-
mically sequestered NF-kB can occur have been described.
These include release from the prototypic 37-kDa IkBa cyto-
plasmic inhibitor (5–7; reviewed in reference 34), and release
from the NF-kB1 and NF-kB2 precursor proteins, p105 and
p100, respectively, which share a C-terminal ankyrin motif that
causes retention of rel-related proteins in the cytoplasm (10,
32). Release of rel-related proteins from IkBa is mediated by

FIG. 7. HBx induces NF-kB DNA-binding complexes in cells lacking acidic
SMase activity. Nieman-Pick disease skin fibroblasts deficient in acidic SMase
activity (RF cells) or expressing a high level of acidic SMase by retrovirus-
mediated transformation with the acidic SMase gene (RFIIIC cells) were in-
fected with Ad CMV-X or Ad CMV-Xo at 25 PFU per cell for 12 h. Nuclear
extracts were prepared, and NF-kB DNA-binding activity was detected by
EMSA. The cold-competitor (c. comp.) assay and treatment of cells with TPA
were carried out as described in the legend to Fig. 1. Basal refers to untreated
and uninfected RF and RFIIIC cells, which grow very slowly. The Chang cell
sample corresponds to a nuclear extract of TPA-treated cells. One-fourth as
much Chang cell sample was loaded onto the gels as the amount of RF and
RFIIIC cell extracts.

FIG. 8. Inhibition of sphingosine kinase does not block HBx induction of
NF-kB. Quiescent Chang cells were treated with 10 to 50 mM DHS coupled to
0.1% BSA in DMEM for 30 min. The cells then received no further treatment
(basal) or were treated with 20 mM TPA for 30 min or 20 ng of TNF-a per ml
for 20 min or infected with 25 PFU of Ad CMV-X or Ad CMV-Xo per cell for
7 h. Equal protein amounts of nuclear extracts were examined for DNA-binding
activity by EMSA corresponding to NF-kB (A) or AP-1 (B) transcription factors.
DNA-protein complexes were resolved by PAGE (4% polyacrylamide) and then
visualized and quantitated by PhosphorImager analysis. Basal refers to cells
treated with DHS that received no further treatment.
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its phosphorylation and subsequent degradation, which can be
induced (directly or indirectly) through a variety of distinct
pathways involving protein kinase C, Ras, Raf, dsRNA acti-
vated protein kinase (PKR), c-Src, and ceramide-SMase-sphin-
gosine kinase activities, among others (reviewed in reference
81). The mechanism for rel-related protein release from p105
and p100 precursor proteins is still not well known. For p105,
activation of NF-kB correlates with phosphorylation of the
precursor and possibly enhanced proteolytic processing (8, 31,
64).
We explored the manner by which HBV HBx protein acti-

vates NF-kB and characterized the DNA-binding complexes
that were formed. These data should help to establish the
fundamental activities of HBx protein, its mechanism of action,
and the molecular partners with which it interacts. By intro-
ducing the HBx gene via a replication-defective Ad vector, we
found that HBx rapidly induces NF-kB DNA-binding com-
plexes, which persist for a prolonged period (Fig. 1; .24 to
30 h). HBx induced NF-kB complexes containing all of the
rel-related proteins typically found in fibroblasts: p50 p52,
RelA, and c-Rel (Fig. 2). We could find no evidence for HBx
activation of the acidic sphingomyelinase pathway, which has
been implicated in TNF-a activation of NF-kB (reviewed in
references 35 and 50). HBx stimulated the formation of NF-kB
in Niemann-Pick disease skin fibroblasts that are deficient in
acidic SMase, and it did so to a level similar to that of cells that
were genetically identical except for restoration of acidic
SMase activity (Fig. 7). The possible role of the ceramide
pathway controlled by neutral SMase and sphingosine kinase
in Ras-dependent HBx activity was examined by use of the
sphingosine-1-phosphate inhibitor, DHS, which prevents the
formation of phosphatidic acid and potential activation of Ras.
DHS did not specifically block HBx activation of NF-kB (Fig.
8). We found that inhibition of HBx induction of Ras activa-
tion strongly blocked the ability of HBx to activate NF-kB (Fig.
3). HBx was shown previously to rapidly activate the Ras-Raf-
MAPK signalling cascade (within 3 to 5 h), which is essential
for its activation of AP-1 (Fig. 3) (11–13, 63). Thus, the data
presented in Fig. 3 and those published previously collectively
indicate that HBx activation of NF-kB, like that of AP-1, re-
quires HBx stimulation of the Ras signalling pathway. The
results found here are seemingly in contrast to those of Chirillo
et al. (23). Although the reason for the difference is not ap-
parent, several possible explanations arise. First, it is possible
that HBx activates NF-kB by inherently different mechanisms
in Chang cells (used in our study) and HeLa cells. Second, it is
not known whether the same level of Ras activation is required
for induction of both AP-1 and NF-kB. The extent of Ras
suppression by transfection of a dominant-interfering expres-
sion plasmid was not directly measured here or by Chirillo et
al. (23). It is perhaps possible that a lower or residual level of
Ras activation is sufficient to activate NF-kB. Third, it is pos-
sible that the HBx plasmid used by Chirillo et al. (23) gener-
ated dsRNA, which is a common occurrence during transfec-
tion (43, 44), and which can activate NF-kB through PKR,
independently of Ras signalling cascades (reviewed in refer-
ence 81).
Since activation of NF-kB is often mediated by phosphory-

lation of IkBa, which promotes rapid degradation of the in-
hibitor through a proteosome-mediated pathway (67, 82), we
investigated whether this constitutes the major mechanism for
HBx activation of NF-kB. HBx strongly and rapidly induced
the phosphorylation of 30 to 50% of the pool of IkBa protein,
which was maintained at steady state (Fig. 4). Surprisingly, this
resulted in only a three- to fourfold decrease in total IkBa
protein stability, as determined by pulse-chase analysis (Fig. 5).

In this regard, HBx protein and HTLV-1 Tax protein seem to
display similar effects on the pool of IkBa protein with regard
to phosphorylation and stability (51). These data suggest that
enhanced degradation of IkBa could account for only a por-
tion of the NF-kB protein activated by HBx. An alternate
mechanism of control, in which the cytoplasmic sequestration
of RelA by NF-kB1 p105 precursor protein was a target of HBx
activity, was also found (Fig. 4). Therefore, in addition to IkBa
degradation, HBx coordinately induced a striking decrease in
cytoplasmic levels of p105, RelA, and p52 proteins, commen-
surate with increased nuclear accumulation of NF-kB DNA-
binding activity. Parenthetically, in the study by Chirillo et al.
(23), HBx also induced only a moderate decrease in IkBa
levels, and overexpression of IkBa abrogated the induction of
NF-kB by only about 50%, consistent with the activation of
NF-kB by alternate mechanisms.
It is not known how HBx causes the release of RelA from

p105 or how the reduction in cytoplasmic p105 levels takes
place. Little is known of the mechanisms for regulation of p105
and p100 NF-kB inhibitor proteins. Since p105 is expressed in
cells at a level similar to that of other NF-kB proteins (15), the
cytoplasmic sequestration of rel-related proteins probably con-
stitutes a significant means of regulating nuclear importation
of active NF-kB (reviewed in reference 81). In our studies,
HBx activation of Ras signalling cascades appears to be essen-
tial for activation of NF-kB, suggesting that the p105 precursor
protein is also a target of cytoplasmic signalling pathways.
Moreover, evidence indicates that the release of rel-related
proteins from p105 correlates with its phosphorylation (31, 64),
although this mechanism has not been directly proven. As with
IkBa, phosphorylation of p105 could then lead to degradation
of p105 or to proteolytic processing to remove the ankyrin-rich
domain and release of rel-related proteins. Like HBx, the
mechanism by which HTLV-1 Tax protein induces the dis-
placement of rel-related proteins from NF-kB precursor inhib-
itor proteins is not known (40, 42, 61, 88). Like HBx, Tax
protein also induces phosphorylation and rapid turnover of
IkBa (40). Although Tax can associate with IkB and NF-kB
proteins (42, 88), it is not clear how this is related to activation
of NF-kB. In particular, evidence has been presented impli-
cating indirect activation of NF-kB by Tax through an effect on
cell signalling cascades (41). Thus, there may be similarities
between the mechanisms used by HBx and Tax to induce the
activation of NF-kB.
Our previous results demonstrated that HBx must act in the

cytoplasm to activate NF-kB (26). Coupled to the results pre-
sented here, it is clear that HBx acts on the normally inactive,
cytoplasmically sequestered pool of NF-kB proteins. More-
over, we can also largely exclude the possibility that HBx acts
directly on NF-kB proteins, for example by causing their phys-
ical dissociation from IkB inhibitors. This is supported by three
lines of evidence: (i) inhibition of Ras activity blocks HBx
activation of NF-kB; (ii), HBx induces coupled phosphoryla-
tion and degradation of IkBa; and (iii) HBx could not be found
directly associated with any NF-kB proteins (data not shown).
Studies are now currently characterizing the mechanism for
HBx-Ras-mediated release of NF-kB sequestered by both
IkBa and p105 precursor proteins.
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